Banana bunchy top virus (BBTV; family Nanoviridae, genus Babuvirus) is a multi-component, ssDNA virus, which causes widespread banana crop losses throughout tropical Africa and Australasia. We determined the full genome sequences of 12 BBTV isolates from the Kingdom of Tonga and analysed these together with previously determined BBTV sequences to show that reassortment and both inter-and intra-component recombination have all been relatively frequent occurrences during BBTV evolution. We found that whereas DNA-U3 components display evidence of complex inter-and intra-component recombination, all of the South Pacific DNA-R components have a common intra-component recombinant origin spanning the replicationassociated protein gene. Altogether, the DNA-U3 and DNA-M components display a greater degree of inter-component recombination than the DNA-R, -S, -C and -M components. The breakpoint distribution of the inter-component recombination events reveals a primary recombination hotspot around the 59 side of the common region major and, in accordance with recombination hotspots detectable in related ssDNA viruses, a secondary recombination hotspot near the origin of virion-strand replication.
INTRODUCTION
Banana bunchy top disease (BBTD) only affects plants in the family Musaceae where it causes serious losses in banana (Musa spp.) in the Pacific, South and South-east Wardlaw, 1961) , it was only in the early 1990s that BBTD's causal agent was identified as a novel ssDNA virus that was subsequently named Banana bunchy top virus (BBTV; Burns et al., 1995; Harding et al., 1991 Harding et al., , 1993 Thomas & Dietzgen, 1991) . BBTV is the type member of the genus Babuvirus in the family Nanoviridae. Abaca bunchy top virus (ABTV) is currently the only other characterized Babuvirus species and it also infects Musa spp. BBTV is aphid-transmitted and has a multipartite genome consisting of six circular ssDNAs (each~1.1 kb long) that are individually encapsidated within separate icosahedral virions (each~18-20 nm in diameter). The genus Babuvirus is distinguished from the only other genus in the family Nanoviridae, the genus Nanovirus, by having only six components compared with up to eight components found in nanoviruses. Each of the six babuvirus genome components encodes a different protein in the virion-sense strand. These include a rolling-circle replication initiator protein, Rep (encoded on DNA-R), a protein with unknown function (encoded on DNA-U3), a capsid protein (CP; encoded on DNA-S), a movement protein (MP; encoded on DNA-M), a cell-cycle-link protein (Clink; encoded on DNA-C) and a nuclear shuttle protein (NSP; encoded on DNA-N) (Beetham et al., 1997; Burns et al., 1995; Karan et al., 1997; Vetten et al., 2005) .
In addition to these various genes, there are two common regions conserved across all six components (Burns et al., 1995) . These are the common region major (CR-M) and the common region stem-loop (CR-SL). Although the function of CR-M remains unclear, it contains sequence domains that are commonly associated with promoters and it may therefore be involved in transcriptional regulation (Burns et al., 1995) . The CR-SL is a sequence capable of forming a hairpin structure that contains the highly conserved nonanucleotide, TATTATTAC, within its loop and repeated sequences that are probably Rep sequencespecific-binding motifs (Burns et al., 1995) . Based on a similarly structured region in geminivirus genomes, it is hypothesized that the CR-SL contains the origin of BBTV virion-strand replication (Hanley-Bowdoin et al., 2000) .
BBTV and ABTV, the two distinct babuviruses, share~54-76 % pairwise nucleotide identity across all their components, with their CP and Rep proteins sharing~80 % and 85-87 % amino acid sequence identity, respectively (Sharman et al., 2008) . Despite numerous individual BBTV component sequences having been deposited in public databases, few complete genomes (containing all six components) are available (Fig. 1a) .
Based on the phylogenetic relationships amongst DNA-R component sequences, Karan et al. (1994) designated two different BBTV lineages: the South Pacific group, which also included Indian, and African isolates, and the Asian group. The timescales over which these lineages diverged are unknown and might span the history of banana cultivation (Karan et al., 1994; Perrier et al., 2011) . Recently, however, it was demonstrated that the nanovirus, Faba bean necrotic stunt virus has the capacity to evolve at a rate of 1.78610 23 substitutions per site per year (Grigoras et al., 2010) . This is similar to geminiviruses, another family of plant ssDNA viruses (Harkins et al., 2009; van der Walt et al., 2008; ), but is far higher than that of dsDNA viruses . This very high basal mutation rate, and evidence of frequent homologous recombination both between different components of the same genome (Hu et al., 2007; Hughes, 2004) and between homologous components in different genomes (Hu et al., 2007; Hughes, 2004; Hyder et al., 2011; Lefeuvre et al., 2009) , suggests that the two main BBTV lineages could have split recently -i.e. only hundreds of years ago rather than millennia.
It is reasonable to suspect that the ancestral BBTV variant that first caused BBTD originated from South-east Asia and the Pacific region where bananas originated (Perrier et al., 2011) . This region includes the South-east Asian peninsula, the Philippines, Indonesia, New Guinea, the Pacific Islands and Australia. Since BBTV may have evolved from this area, the South Pacific region is expected to harbour greater BBTV diversity than has been seen in the remainder of the world. Despite the early documentation of BBTD in the South Pacific region, the only complete BBTV genome (comprising all six components) sequence that has ever been determined from this area is an isolate from Australia. Also, only four other full BBTV genomes have been sequenced worldwide (one from India, two from China, one from Taiwan). Thus, most past phylogenetic analyses that have been performed on BBTV have used individual BBTV component sequences rather than full genomes.
Although sequence analyses of individual BBTV components have revealed geographical clustering of BBTV isolates and some evidence of intra-and inter-component (a) Geographical locations of BBTV isolate component sequences that are currently available in GenBank and those determined in this study from the Kingdom of Tonga. Green circles depict isolates which fall within the South Pacific group, blue circles depict those within the Asian group. Red circles depict ABTV isolates. The numbers of component sequences that have been determined are depicted using bars (i.e. one bar represents one sequence) and are shown for each country. (b) Intercomponent recombination break point distribution plot, indicating inter-component recombination hostpots (where the black line emerges above the grey areas). Whereas the dark-grey area indicates the 95 % probability interval of breakpoint clustering under the expectation that recombination breakpoints are randomly distributed, the light-grey area indicates the corresponding 99 % probability interval (Heath et al., 2006) (Hu et al., 2007; Hyder et al., 2011; Karan et al., 1994 Karan et al., , 1997 Sharman et al., 2008; Timchenko et al., 2000; Wanitchakorn et al., 2000; Xie & Hu, 1995) , we realized that analyses of full genome sequences from more South Pacific region BBTV isolates should provide a clearer view both of these evolutionary processes and of genome component reassortment. Here, we report the complete genome sequences of 12 BBTV isolates from the Kingdom of Tonga in the South-west Pacific Ocean, approximately 1600 km north-east of New Zealand. In order to assess the relative roles of homologous recombination and reassortment in BBTV evolution we have analysed these together with all complete BBTV genomes and individual component sequences found in public databases.
RESULTS AND DISCUSSION
Only a few disparate genome components had been sequenced from South Pacific BBTV isolates. These include individual genome components from Tonga (DNA-R; Karan et al., 1994) , Fiji (DNA-R and DNA-S; Karan et al., 1994; Wanitchakorn et al., 2000) and Hawaii (DNA-R, DNA-C and DNA-U3; Xie & Hu, 1995) . We determined the sequences of all six components from 12 Tongan BBTV isolates and compared them with all known BBTV sequences available in GenBank (Fig. 1a, Table 1 ). Alpha satellites are frequently associated with nanoviruses (Horser et al., 2000 (Horser et al., , 2001 Rohde et al., 1990) . For this study, we did not specifically look for any alpha satellites nor did we come across any in our sequence analysis.
Phylogenetic analysis
Two BBTV phylogenetic clades, called the South Pacific and the Asian groups, have previously been identified based on analysis of DNA-R component sequences from 10 different countries (Karan et al., 1994) . Our maximum-likelihood (ML) phylogenetic analyses of the six components confirmed both the separation of all available sequences into the same South Pacific and Asian clades, and that, as expected, all Tongan sequences fall within the South Pacific group (Figs 2-6 ).
Component by component, the Tongan DNA-R, DNA-U3, DNA-S, DNA-C and DNA-N sequences share .96 % identity with one another, while their DNA-M sequences are more diverse, sharing .93 % identity with one another. A global analysis of all available BBTV component sequences indicates that (in order of degrees of conservation) BBTV DNA-R, DNA-S, DNA-C, DNA-N, DNA-M and DNA-U3 sequences share more than 88, 87, 85, 84, 82 and 73 % sequence identity, respectively (Data S1, available in JGV Online). Since the majority of the BBTV sequences available in GenBank are those of DNA-R (n574 including the 12 novel Tongan sequences), the notion that DNA-R is the most conserved component is well supported.
Asian group BBTV isolates have predominantly been found in South-east Asia and the Philippines, whereas the South Pacific BBTV group has a broader tropical distribution spanning half the globe from Cameroon, Egypt and Burundi in the west to Hawaii in the East (Fig. 1a) . The global distribution of BBTV has been artificially expanded by the trade and transport of infected propagules and aphids to regions outside its vector's normal range. Thus, the distribution of the Asian group BBTV isolates occurs across the natural geographical range of Musa acuminata and Musa balbisiana, whereas the South Pacific group isolates occur across only the M. balbisiana range. Unfortunately, basic replication and infectivity assays to definitively determine whether viruses in the two groups are differentially adapted to the two different banana species have not been carried out. Therefore, Koch's postulates have not been fully fulfilled and hence the genomes presented here and in previous BBTV studies cannot be classified as complete infectious genomes. Due to the difficulty in initiating infections from cloned genomes, replication and infectivity has only recently been achieved for two virus species in the genus Nanovirus (Grigoras et al., 2009; Timchenko et al., 2006) . Interestingly, the greatest diversity observed between BBTV isolates has been reported from Vietnam and Taiwan, which lie within the approximate area of the proposed original distribution of M. balbisiana (Jones, 2000; Perrier et al., 2011) . Indeed, an isolate containing a possible reassortment of Asian and Pacific group components has been previously reported from Taiwan (Hu et al., 2007) .
Reassortment
Each BBTV genome component is packaged into a separate virion, and the probable transmission of large numbers of virions provides an ideal environment for the reassortment of genome components. Reassortment has previously been shown in multi-component plant RNA viruses (Chen et al., 2007; Gu et al., 2007; Maoka et al., 2010) and other DNA viruses (Chen et al., 2009; Pita et al., 2001; Saunders et al., 2002) and evidence suggests that the reassortment of genome components may occur during BBTV evolution (Bell et al., 2002; Horser et al., 2001; Hu et al., 2007) . Importantly, reassortment has been implicated in host adaptation and the evolution of increased virulence in various other plant viruses. For example, reassortment between two Tomato spotted wilt virus (TSWV, a tripartite RNA virus) strains has been observed to result in a strain capable of breaking the TSWV resistance of some tomato cultivars (Qiu & Moyer, 1999) . Therefore, reassortment may play an important adaptive role during BBTV evolution.
We investigated evidence of reassortment in BBTV isolates by analysing concatenated genome components by using the recombination detection program, RDP4 (Table 1 ; Data S2). We found well-supported evidence of eight reassortment events amongst the analysed BBTV isolates (Fig. 7) . Reassortment events can be seen within and across the South Pacific and Asian groups. All but one of these events have involved the reassortment of a single component Table 1 . Details of concatamers and the GenBank accession numbers of all the sequences used in these analyses 
The exception, event 5 in Fig. 7 , appears to have involved both the DNA-R and DNA-N components.
In the case of isolate V-1 (24-TW) from Taiwan, we also found evidence of two reassortment events (see events 1 and 2 in Fig. 7 ), but with each event apparently having involved different parental genomes. One event involved the acquisition of a DNA-M component from an Asian group-like parental genome. The origin of the genome component acquired during the other event is, however, less easily traceable as two versions of DNA-R, both obtained from the same infection, have been deposited for this isolate (Hu et al., 2007) . Therefore, our interpretation of this event is dependent on which of the specific component clones were used to generate the analysed concatemers. For example, DNA-R clone V-1 (GenBank accession no. EF095161), like its DNA-M counterpart is derived from an Asian group-like parental genome, whereas V-1a (EF095162) is derived from South Pacific-like parental genome. This evidence is also clear from the ML phylogenetic trees of these components (Figs 2-6 ). Hu et al. (2007) have also suggested that, on the basis of their phylogentic analyses, this isolate is a reassortant (Hu et al., 2007) .
In the case of the Australian Nambour genome (4-AU) we found that all of its components other than DNA-M had most likely been derived from viruses resembling the Thantha (1-Pk), Lucknow (3-IN) and Robusta BT-1 (22-IN) isolates, whereas its DNA-M component has probably been derived from a virus resembling the Tongan isolates (see event 3 in Fig. 7; Fig. 5 ). The DNA-N component of the Lucknow (3-IN) isolate has probably been derived from a South Pacific genome resembling those of the Thatha (1-PK) and Nambour (4-AU) isolates (see event 4 in Fig.  7) . Similarly, the Haikou (23-CN) isolate has apparently acquired its DNA-S component from another isolate within the Asian group resembling NSP (19-CN; see event 7 in Fig. 7) .
Within the Tongan sequences we found evidence of three probable reassortment events. The Tongan TO208-Vava'u isolate (44-TO; see event 5 in Fig. 7 ) has DNA-R and -N components that are probably derived from an isolate (or isolates) resembling those which we sampled on the island of Tongatapu. This is clear evidence of inter-island BBTV transfers leading to component reassortments. The Tongan isolates from Tongatapu and an isolate from Ha'apai display some evidence of their common ancestral sequence having acquired a DNA-M component from an isolate distantly resembling viruses that have today been found on the island of Vava'u, in India, in Pakistan and in Egypt (see event 6 in Fig. 7) . Interestingly, the Australian Nambour isolate has a DNA-M component that has apparently been derived from a genome resembling those which we have characterized from Tongatapu (Fig. 5) . Finally, the DNA-U3 component of the Vava'u island isolates (44-TO, 45-TO and 46-TO) is probably derived from a genome resembling that of the Australian Nambour isolate (see event 8 in Fig. 7 ). Our ability to detect all of these BBTV genome reassortments despite the few full genomes available for analysis, strongly suggests that reassortment may play some crucial role in the adaptive evolution of BBTV genomes.
Our use of standard recombination detection tools to analyse concatemerized babuvirus genome components for evidence of reassortment provides an important validation of similar results obtained previously by Hu et al. (2007) by using phylogenetics-based reassortment detection approaches. Whereas evidence of reassortment can certainly be detected by comparing phylogenetic trees constructed from different genome components, naturally occurring homologous recombination between the homologous components of different virus species can cause alterations in tree topologies that could easily be misidentified as reassortments. Also, basic phylogenetic tree 
comparisons cannot yield any estimates of statistical support for whether recombination has occurred or not (although more sophisticated Bayesian inference approaches may be able to achieve this) because of multiple testing issues. The method applied here both accounts for homologous recombination between components and provides strong statistical evidence of reassortment. Tables S1 and S2 . Note that the intra-component recombination event labelled U5 (with an 'unknown' parental sequence) is probably conflated with the inter-component recombination event labelled 3. Also, the intra-component recombination events labelled U2, U3 and U4 are all likely conflated with the inter-component recombination event labelled 9.
Inter-component recombination (recombination between non-homologous genome components)
It has been found previously in both multi-component geminiviruses (Saunders et al., 2002; Hou & Gilbertson, 1996; Roberts & Stanley, 1994; Jovel et al., 2004) and in the nanoviruses (Hu et al., 2007; Hughes, 2004; Hyder et al., 2011 ) that inter-component recombination is frequent and is probably a vital mechanism via which Rep containing components retain trans-replicational control over their helper components. An overview of the breakpoint distributions revealed by our inter-component recombination Tables S1 and S2. analysis of BBTV genome components (results of which are summarized in Figs 2-6 and in Table S1 ; Data S3) indicated the presence of a major recombination hotspot around the CR-M region and a minor hotspot around the CR-SL (Fig. 1b) . Overall, we observed a greater degree of intercomponent recombination in components DNA-U3 and DNA-M, but particularly interesting examples of intercomponent recombinants in other components include (i) the DNA-R of isolate TW3 (GenBank accession no. EU366169; event 13 in Fig. 2 ), which has a fragment of a DNA-M-like sequence in the domain spanning the CR-M and CR-SL; and (ii) the DNA-R of the CABTV isolate from the Philippines has a region spanning the CR-M that is most similar to the DNA-N sequence of the Malaysian ABTV isolate (event 19 in Fig. 2 ).
Intra-component recombination (recombination between homologous genome components)
Although recombination amongst homologous nanovirus and babuvirus genome components has been detected in various other studies (Hu et al., 2007; Hyder et al., 2011; Timchenko et al., 2000) , we sought to re-analyse recombination in BBTV taking into account the fact that many of the recombination signals detected in these other studies probably originated through inter-rather than intra-component recombination. All the South Pacific DNA-R components appear to have descended from a common recombinant ancestor that had derived a proportion of its Rep encoding sequence from an unknown babuvirus (the event labelled R2 in Fig. 2 and Table S2 ; Data S3). Similarly, the DNA-R components of the Asian group isolates, bp26 (GenBank accession no. AB250955; event R1 in Fig. 2 ), IG64 (GenBank accession no.
AB186924) and IJs11 (GenBank accession no. AB186926; the latter two carry evidence of the same event labelled R4 in Fig. 2 ) contain small fragments of sequence apparently derived from parental viruses in the Pacific group. Importantly, our inter-component recombination analyses clearly indicated that the recombination event detected in the Taiwanese isolate, TW3 (GenBank accession no. EU366169; labelled R3 in Fig. 2) is very probably the same inter-component recombination event labelled as event 13 in our inter-component analysis. Wherever such conflation of inter-and intra-component recombination signals occurred in our analyses (these are all pointed out in the legends of Figs 2-6), it is very likely that these signals are the product of inter-component recombination events being interpreted by the recombination analysis software as being fragments of sequence derived from a highly divergent parental sequence.
The most recombinogenic of the BBTV components seems to be U3 within which we found evidence of at least six genuine intra-component recombination events (events U1,U6, U7, U8, U9 and U10 in Fig. 3 ). Previous analyses of recombination amongst DNA-U3 sequences (Hyder et al., 2011) have similarly identified frequent recombination in this genome component. Crucially, however, our analysis of multiple genome components within the same alignment indicated that many apparent intra-component recombination events within the CR-M and CR-SL were in fact inter-component recombination events (these are labelled U2, U3, U4 and U5 in Fig. 3 ).
After accounting for likely inter-component recombination events, we found evidence of two intra-component recombination amongst the BBTV DNA-S sequences (Fig. 4) , four amongst the BBTV DNA-M sequences (Fig. 5) , one amongst the BBTV DNA-C sequences (Fig. 6a) and four amongst the BBTV DNA-N sequences (Fig. 6b) . Most notable amongst the detected recombination events are: (i) an event involving the transfer of a DNA-S fragment (labelled S3 in Fig. 4 ) from an Asian group isolate into a South Pacific group isolate to yield a recombinant that is apparently widely circulating in Pakistan; (ii) an event involving the transfer of a small DNA-N fragment from an Asian-group like ancestral sequence into the progenitor of all the pacific group DNA-N sequences (event N3 in Fig.  6b ), (iii) an event involving the transfer of a DNA-N fragment from a Pacific group virus resembling those found in India, Pakistan and Australia into the progenitor of a group of viruses from Tonga and (iv) an event involving the cross-species transfer of a large apparently Asian BBTVderived DNA-M fragment (labelled 24 in Fig. 5 ) into the DNA-M of ABTV.
Since both inter-and intra-component recombination events are readily detectable in the small number of available BBTV component sequences that we have analysed it is likely that, along with component reassortment, recombination is a major evolutionary process driving the diversification of BBTV. Although there are still too few recombination events detectable within the available BBTV sequences to be sure, our results indicate that either recombination frequencies or the selective benefits of recombination might vary from component to component. Components encoding core functions, such as replication proteins (DNA-R), seem to be more prone to intra-rather than inter-component recombination. On the other hand, DNA-U3 exhibits complex intra-and interrecombination patterns. These observations suggest that recombination in components such as DNA-U3 may be selectively more favourable (or rather selectively less deleterious) than recombination in components such as DNA-R and DNA-C.
In order for recombination to occur, multiple variants must be present within the same cell during replication. Recombination of nanoviruses could occur either by strand displacement of replication complexes and reattachment to different template molecules during rolling-circle replication (called copy choice recombination) or by the rescue of incompletely replicated or fragmented genomes via hostmediated double-stranded break repair pathways (called recombination dependent replication; Jeske et al., 2001; Martin et al., 2011a) . Host-specific selection acting on these recombined sequences could then hasten either their fixation (positive selection) or removal (negative selection) from the population (Martin et al., 2011b) . The fact that many of the recombination events which we have characterized (whether intra-or inter-component recombinants) are detectable within the genomes of multiple circulating viruses clearly indicates that at least some of the recombination events we have detected may have been adaptive enough to have been selectively favoured. Amplification and sequencing of a larger number of components from individual plants dually infected with two or more BBTV strains should provide some insights into the extent of inter-and intra-component recombination arising during individual mixed infections. However, the nature of the exponential amplification tools that are widely employed for cloning ssDNA viruses would mean sampling of only the potentially minor subset of recombinants that become major population members within such Methods used by RDP4 to infer reassortment as denoted by R, G, B, M, C, S and T indicate recombination detection by the RDP, GENCONV, BOOTSCAN, MAXCHI, CHIMERA, SISCAN and 3SEQ methods, respectively and the P-value shown is for the method indicated in bold. infections. Ideally deep sequencing using next generation sequencing methods may prove to be a better option to analyse such recombinants. 
Concluding remarks

METHODS
Sample collection and virus isolates. In 2010, leaves from BBTD symptomatic plants were collected from the three major islands of the Kingdom of Tonga (Tongatapu n56, Ha'apai n53 and Vava'u n53). Total DNA was extracted from these by using the DNeasy Plant Mini kit (Qiagen).
Viral DNA was amplified by rolling-circle amplification (RCA) using the Illustra TempliPhi Amplification kit (GE Healthcare) as described previously (Owor et al., 2007; Shepherd et al., 2008) . The amplified concatemers were digested using XbaI, SmaI and HindIII restriction enzymes. The resulting~1.1 kb fragments were ligated to appropriately digested pUC19 and sequenced at Macrogen (Korea). Based on the resulting sequences, coupled with additional BBTV sequences available in GenBank, we designed back-to-back primers for specific amplification of each full component. DNA-R: forward 59-TTGAGAAACGAA-AGGGRAGC-39, reverse 59-GGTGTGCGCCTGGGAAG-39. DNA-U3: forward 59-WWTTAATTCGTAGGACACGTGGACG-3, reverse 59-WWTTAATTCGTGTWKCTTGCTGCGC-39. DNA-S: forward 59-GG-TTCCTGAAAAYACCGTC-39, reverse 59-AATATTGAYCCTARMGA-CGAGYAGTC-39. DNA-M: forward 59-GAATKGTTTYTGTTYWTY-GVAGC-39, reverse 59-RAAGAATAGTTTMACCCGCTC-39. DNA-C: forward 59-GCGAATAYYTGAAGAAACCATG-39, reverse 59-TATAC-GAATRATAGAAGTCTTCAWAYC-39. DNA-N: forward 59-TCAAG-ACMTGTACYCATGG-39, reverse 59-RTTGTGATTCYGCCCAATCC-39.
DNA-R, -M, -C and -N were all amplified using the same protocol 94 uC, 2 min; 94 uC, 30 s; 50 uC, 30 s; 72 uC, 1.15 min for 25 cycles; 72 uC, 1 min; 4 uC, 10 min. DNA-U3 and DNA-S were amplified with a similar protocol, but with annealing temperatures of 53 and 48 uC, respectively. The PCR products were cloned and sequenced (Macrogen). In some samples, where components were hard to amplify by PCR alone, RCA was use to enrich viral DNA prior to PCR. Sequences were assembled and manually edited where necessary using DNAMAN (version 5.2.9; Lynnon Biosoft) and MEGA5 (Tamura et al., 2011) . Per sample we obtained a single sequence of each of the six components.
Phylogenetic analyses. All full-length sequences of BBTV available in GenBank (Table 1) were downloaded on 12 March 2011 and compared with all six components of the 12 Tonga isolates. Two fulllength ABTV sequences for each component were also downloaded as outgroups. Sequences were grouped and analysed based on the components, each beginning at the origin of replication (TATTAC). All ML phylogenetic trees were constructed using PHYML (Guindon & Gascuel, 2003) with the best fit model selected by RDP3 (Martin et al., 2010) . Pairwise distance (P-distance) comparisons (determined with pairwise deletion of alignment gaps) were carried out using MEGA5 (Tamura et al., 2011) .
Analysis of recombination and reassortment. Evidence of recombination was sought using the RDP (Martin & Rybicki, 2000) , GENECONV (Padidam et al., 1999) , BOOTSCAN (Martin et al., 2005) , MAXCHI (Smith, 1992) , CHIMAERA (Posada & Crandall, 2001) , SISCAN (Gibbs et al., 2000) and 3SEQ (Boni et al., 2007) methods implemented in the program RDP4 (version 4.13; Martin et al., 2010) . Only potential recombination signals detected by at least three recombination detection methods, coupled with phylogenetic evidence of recombination, were considered significant evidence of the signals representing genuine recombination events.
The separate components of BBTV and ABTV genomes were aligned individually (DNA-R, n576; DNA-U3, n533; DNA-S, n548; DNA-M, n527; DNA-C, n527; DNA-N, n526) and the datasets were labelled by component (R, U3, S, M, C and N). These were independently analysed for recombination (IC dataset; Data S3). In addition to these six datasets, we generated two datasets, both containing all 237 available BBTV genome component sequences, including the two ABTV variants. The first dataset, called the SC dataset contained all aligned component sequences (Data S4) linearized at the CR-SL region in a single alignment. The second dataset, called the concatenated (CON) dataset, consisted of all 237 sequences constructed by concatenating cognate genome component sequences in the order DNA-R, -U3, -S, -M, -C and -N (Data S2). Each component started with the virion-strand origin hairpin-loop sequence TATTACC. While some of the concatenated sequences contained all six components others contained only an SC with alignment gaps corresponding to unsequenced components. Recombination analysis of both the SC and CON datasets was performed by using RDP4 (Martin et al., 2010) as outlined above. Evidence within the SC dataset of inter-component recombination breakpoints clustering into recombination hotspots was statistically tested for using the approach described by Heath et al. (2006) .
Whereas recombination between homologous components was identifiable using both datasets, our intention was to detect reassortment events with the CON dataset (Data S2) by identifying these as recombination events with estimated recombination breakpoint-pairs falling at the interfaces between concatenated components. With the SC dataset (Data S4) we sought to identify inter-component recombination within genomes. To check whether recombination events detected with the concatenated dataset were also represented in the SC dataset, the recombination events detected using this dataset were mapped onto a reordered alignment with all components represented as separate sequences and all starting at the TATTACC sequences within the hairpins of their virion-strand origins of replication.
